Abstract Cell shape is the most critical determinant of cell function and is potentially infl uenced by the organization of a cell's cytoskeletal components. It has been reported that three-dimensionally cultured osteoblasts have a morphology that closely resembles that of osteocytes, most notably including formation of processes. We have previously shown the critical differences between cytoskeletal components in osteoblasts and osteocytes in two-dimensional culture. We have now extended that investigation to the cytoskeletal components of 3D-cultured osteoblasts and osteocytes using 3D cultures of the osteoblast cell line, MC3T3-E1, and primary osteocytes grown in collagen gel. Threedimensional fl uorescent image reconstructions for actin, fi mbrin, alpha-actinin, myosin, tropomyosin, and microtubules were made using IMARIS software. Actin, fi mbrin, alpha-actinin, myosin, and tropomyosin all appeared in the processes of both cell types, but fi mbrin and myosin showed differences in their distribution patterns between cell types. Microtubules were limited in distribution to the proximal region of osteocyte processes but extended the entire length of MC3T3-E1 cell processes. Microtubules were essential for the integrity and formation of MC3T3-E1 cell processes, but osteocyte processes were dependent on actin. These results showed that there are signifi cant differences between the actin and microtubule cytoskeletons in the processes of 3D-cultured MC3T3-E1 cells and in the processes of 3D-cultured primary osteocytes. These differences in the cytoskeleton of the processes of 3D-cultured osteoblasts and of osteocyte dendrites suggest that osteoblast processes may have a different functional role than the osteocyte dendritic network.
Introduction
Recently, three-dimensional (3D) culture of cells has been found to be a useful experimental design because cellular responses of 3D-cultured cells are more like those of cells in vivo than those of cells in two-dimensional (2D) culture [1] [2] [3] [4] [5] . Interestingly, when various types of cells are transferred from 2D culture to 3D culture, morphological changes are generally observed. For instance, fi broblasts and endothelial cells form a dendritic network in collagen matrices [6] [7] [8] , and these morphological changes are accompanied by changes in extracellular matrix protein production and growth factor receptor profi les [9] [10] [11] . Regarding bone cells grown in 3D culture, it is reported that the osteoblast cell line MC3T3-E1, primary osteoblasts, and the osteocytic cell line MLO-Y4 all develop a common morphology, including stellate-like shape and cytoplasmic projections; closely resembling those of osteocyte processes in vivo [12] [13] [14] . Despite the differences in morphology between osteoblasts and osteocytes in 2D culture, osteoblasts in 3D culture could form dendritic processes resembling those of osteocytes [12, 13] .
Changes in cell shape are the result of regulated changes in the assembly and disassembly kinetics of the cytoskeleton [15] , and the cytoskeleton is somehow involved in the mechanism by which individual cells sense mechanical signals [16] [17] [18] . Therefore, understanding how the cytoskeleton is organized in osteoblasts and osteocytes will provide critical information about the differences in function between osteoblasts and osteocytes. Recently, we have shown that differences in fl ow-induced calcium response between ostoblasts and osteocytes are related to differences in focal adhesion formation [19] . This fi nding indicates further the importance of studying the cytoskeletal components in bone cells in 3D culture.
We have previously examined the relative distribution of actin fi laments, actin-binding proteins, and microtubules in osteoblasts and osteocytes in 2D culture by immunofl uorescence [20, 21] . Now, advanced visualization of 3D data has been made possible by using newly developed 3D reconstruction images made with IMARIS software [22] .
In the present study, cytoskeletal structures of osteocyte processes were examined for the fi rst time in 3D-cultured osteocytes using 3D reconstructions made using IMARIS software. Next, we analyzed cytoskeletal structures in the processes of 3D-cultured MC3T3-E1 cells using the same method. In addition, we examined the relative importance of the cytoskeletal elements for process integrity and process formation in 3D-cultured MC3T3-E1 cells and osteocytes.
Materials and methods

Isolation of chick osteocytes
Osteocytes were isolated from 16-day-old embryonic chicken calvaria using the technique described previously [20] . Briefl y, primary osteocytes were isolated from calvaria with serial treatment of collagenase and ethylene diaminetetraacetic acid (EDTA). Cells were released after the fi nal collagenase digestion. Osteocytes were identifi ed by OB7.3, an osteocyte-specifi c monoclonal antibody generously provided by Dr. P.J. Nijweide, University of Leiden, The Netherlands [23] . All isolation procedures were performed in accordance with National Institutes of Health guidelines for the use of animals in research.
Culture of MC3T3-E1 cells MC3T3-E1 cells, a murine osteoblast-like cell line (Riken Cell Bank, Tsukuba, Japan), were grown in alpha-minimal essential medium (alpha-MEM) containing 10% fetal bovine serum (FBS). Cells were maintained in a humidifi ed incubator at 37°C with 5% CO 2 , subcultured every 72 h, then used for further experiments.
Preparation of 2D and 3D cultures for osteocytes and MC3T3-E1 cells
For experiments using 2D cultures, harvested MC3T3-E1 cells and isolated primary osteocytes were seeded onto glass-bottomed dishes (Matsunami, Tokyo, Japan). The coverslips previously were coated for 1 h with collagen. For experiments using 3D cultures, collagen solution was prepared according to the manufacturer's instructions (Nitta Gelatin, Osaka, Japan). Two volumes of collagen solution were mixed with one volume of alpha-MEM, which contained the cells. Mixture of collagen gel with cells was poured onto glass-bottomed dishes at a concentration of 2000 cells/20 µl gel. Before medium was added, mixture was allowed to solidify by a short incubation at 37°C. Basal incubation medium for MC3T3-E1 cells was 2 ml serum-free alpha-MEM containing 5 mg/ml bovine serum albumin (BSA) (Sigma, St. Louis, MO, USA). Osteocytes were incubated with 2 ml alpha-MEM containing 2% FBS. All cell incubations were conducted in a humidifi ed incubator with 5% CO 2 at 37°C.
Fluorescence microscopy
Antipan-fi mbrin rabbit polyclonal antibody was a gift from Dr. P. Matsudaira (Whitehead Institute, MIT, Cambridge, MA, USA). Other primary antibodies used were antialpha actinin mouse monoclonal (Sigma), antimyosin light chain mouse monoclonal (Sigma), antitropomyosin rabbit polyclonal (LSL, Tokyo, Japan), and antialpha-tubulin mouse monoclonal (Sigma). Secondary antibodies used were antimouse IgG-Alexa 594 conjugate (Molecular Probes, Eugene, OR, USA), antimouse IgM (TXRD) conjugate (Southern Biotechnology Associates, Birmingham, AL, USA), and antirabbit IgG-Alexa 594 conjugate (Molecular Probes). Cell were rinsed with PHEM (60 mM piperazine-N,N′-bis [2-ethanesulfonic-acid] , 10 mM ethylene glycolbis [2-aminoethylether] -N,N,N′,N′-tetraacetic acid, and 2 mM magnesium chloride, pH.6) and then permeabilized for 10 min in 1% paraformaldehyde in PHEM containing 0.15% Triton X-100. Cells were fi xed with 3% paraformaldehyde in PHEM for 10 min. To prevent nonspecifi c reactions, the specimens were immersed in blocking solution consisting of 1% BSA in phosphate-buffered saline (PBS) for 2 h. They were then incubated with a 1 : 200 dilution of primary antibody for 1 h at 37°C and then rinsed several times with PBS. After reaction with the proper secondary antibody for 30 min at 37°C, the specimens were again rinsed and stained with a 1 : 200 dilution of Alexa 488-Phalloidin (Molecular Probes) in PHEM for 30 min.
Fluorescent images
Optically sectioned images were acquired by confocal laser scanning microscopy using an Olympus FluoView FV500 microscope (Olympus, Tokyo, Japan). Theoretical x,y-and z-axis resolution was 0.414 and 0.400 µm, respectively. Confocal images were taken with 0.15-µm step size and 8-bit color depth. 3D reconstructions of fl uorescent images were visualized with IMARIS software (Bitplane Zurich, Switerland) as reported previously [22] . The fi nal projection images were digitally processed using Adobe Photoshop version 5.5 (Adobe Systems, Mountain View, CA, USA). From the 3D reconstructions of fl uorescent models, the number of processes of 2D-cultured and 3D-cultured osteocytes that radiated from one cell were counted. From each culture condition, 3D reconstructions of fl uorescent models of four cells were used. The average number of processes was calculated and compared.
Drug experiments
Cytochalasin D, an actin-disrupting agent (Biomol Research, Plymouth, PA, USA), was used at a fi nal concentration of 2 µg/ml. Nocodazole, a microtubule-disrupting agent (Sigma), was used at a fi nal concentration of 5 µg/ml. Cells were observed during response to disrupting agents using phase-contrast microscopy and then fl uorescently labeled. For each experiment of drug treatment and fl uorescence staining, at least fi ve osteocytes and fi ve MC3T3-E1 cells were observed in detail.
Results
Osteocytes and MC3T3-E1 cells both develop actin-rich processes when they are incubated in collagen gel
We found that osteocyte processes, in both 2D and 3D cultures, were actin-rich structures (Fig. 1A,B) . Interestingly, the number of processes per cell does signifi cantly differ (P < 0.05) between 2D-(8.5 ± 0.781) and 3D-(12.75 ± 0.616) cultured osteocytes. MC3T3-E1 cells in 2D culture showed well-developed stress fi bers throughout the cell body (Fig.  1C) . However, MC3T3-E1 cells in 3D culture developed actin-rich processes and branches (Fig. 1D ) similar to those seen in 2D-and 3D-cultured osteocytes.
Distribution of actin-binding proteins in 3D-cultured osteocytes and MC3T3-E1 cells
Distributions of the actin-binding proteins fi mbrin, alphaactinin, myosin, and tropomyosin were observed in osteocytes and in MC3T3-E1 cells grown in 3D culture. Fimbrin in 3D-cultured osteocytes was localized along the entire length of the osteocyte processes ( Fig. 2A,B) , and appeared as thick bundles (Fig. 2C) . Fimbrin in 3D-cultured MC3T3-E1 cells was also localized along the entire length of the processes (Fig. 2D,E) ; however, the distribution pattern in the MC3T3-E1 cell processes was different from that in osteocyte processes. Fimbrin in MC3T3-E1 cells showed sparse and periodic distribution along the processes (Fig.  2F, arrowheads) .
Alpha-actinin localization in the processes was more limited than that of fi mbrin in both osteocytes and MC3T3-E1 cells. Alpha-actinin, both in osteocytes and in MC3T3-E1 cells, was localized only in the proximal one-third or onehalf of the cell processes (Fig. 2H,K) . The distribution pattern was similar in both cell types and appeared as serial dots in the processes (Fig. 2I,L) .
Myosin in 3D-cultured osteocytes was localized along the entire length of osteocyte processes (Fig. 2M,N) , and appeared as periodic segments (Fig. 2O) . Myosin in 3D-cultured MC3T3-E1 cells was also localized along the entire length of the processes (Fig. 2P,Q) ; however, the distribution pattern in the process was different from that in the osteocyte process. Myosin in the MC3T3-E1 cells appeared as thick bundles in the process (Fig. 2R) .
Tropomyosin in 3D-cultured osteocytes and MC3T3-E1 cells was observed throughout the processes (Fig. 2T,W) . The distribution pattern was similar in both cell types and appeared as dense serial dots in the processes (Fig. 2U,X) .
The actin cytoskeleton is important for process integrity in 3D-cultured osteocytes but not in MC3T3-E1 cells
To determine the importance of the actin cytoskeleton for the integrity of processes in 3D-cultured osteocytes and MC3T3-E1 cells, cultures were treated with 2 µg/ml cytochalasin D. Comparison of osteocyte morphology before (Fig. 3A) and after 20 min (Fig. 3B) of treatment with the drug showed obvious changes with retraction of processes and branches. In contrast, 3D-cultured MC3T3-E1 cells treated with cytochalasin D showed no obvious changes in morphology (Fig. 3E,F) . Confi rmation that actin fi laments were indeed depolymerized in these cells was obtained by visualization of the fi laments using Alexa 488-conjugated phalloidin [compare treated cell (Fig. 3C,G) with nontreated cell (Fig. 3D,H) ].
The processes of 3D-cultured MC3T3-E1 cells contain a core of microtubules, and microtubules are important for the integrity of processes To determine the localization of microtubules, cells were examined using antialpha-tubulin immunofl uorescence. Microtubules extended only into the proximal one-fourth of osteocyte processes (Fig. 4B) . In contrast, microtubules extended into the full length of processes as well as into the branches of MC3T3-E1 cells (Fig. 4D) . Next, to determine the role of microtubules for the integrity of processes in gel (B, D) . Cells were stained for actin fi laments using Alexa 488-phalloidin, and 3D fl uorescent images were constructed using IMARIS software. Ocy in 2D and 3D culture displayed processes. More processes were seen in 3D Ocy than 2D Ocy (compare A and B) . MC in 2D culture showed prominent stress fi bers throughout the cell body (C), while the cells in 3D culture showed actin-rich processes and lateral branches (D). Bars 10 µm Fig. 2 . Distribution of actin-binding proteins in 3D-cultured Ocy and MC. Left and center columns show 3D-reconstructed images made using IMARIS software; right column shows single confocal image planes. Distribution of actin fi laments and fi mbrin in a 3D-cultured Ocy (A-C) and a 3D-cultured MC (D-F) was examined by doublelabel fl uorescence staining with Alexa 488-conjugated phalloidin (A, D) and antipan-fi mbrin (B, C, E, F). Pan-fi mbrin reactivity in Ocy and in MC is seen in the full length of processes visualized in 3D projection images. In confocal images, fi mbrin in Ocy processes is localized as a continuous thick bundle (C), whereas fi mbrin in the MC processes showed sparse periodic distribution along the processes (F, arrowheads). Distribution of actin fi laments and alpha-actinin in a 3D-cultured Ocy (G-I) and a 3D-cultured MC (J-L) was examined by double-label fl uorescence staining with Alexa 488-conjugated phalloidin (G, J) and antialpha-actinin (H, I, K, L) . In 3D projection images, antialpha-actinin in both Ocy and MC localized in the proximal onethird or one-half of cell processes (H, K) compared to the images of phalloidin staining (G, J). In confocal images, alpha-actinin in the processes appears as serial dots in both Ocy and MC (I, L). Distribution of actin fi laments and myosin in a 3D-cultured Ocy (M-O) and a 3D-cultured MC (P-R) was examined by double-label fl uorescence staining with Alexa 488-conjugated phalloidin (M, P) and antimyosin (N, O, Q, R) . In 3D projection images, antimyosin reactivity in Ocy and MC is seen in the full length of the processes. In confocal images, myosin in Ocy processes is localized as periodic segments along the processes (O), whereas myosin in the MC processes appears as continuous bundles (R). Distribution of actin fi laments and tropomyosin in 3D-cultured Ocy (S-U) and a 3D-cultured MC (V-X) was examined by double-label fl uorescence staining with Alexa 488-conjugated phalloidin (S, V) and antitropomyosin (T, U, W, X). In 3D projection images, antitropomyosin reactivity in Ocy and MC is seen in the full length of processes (T, W). In confocal images, tropomyosin in the processes in both Ocy and MC cells was seen as serial dots along the processes (U, X). Bars 10 µm ᭣ 3D-cultured osteocytes and MC3T3-E1 cells, cultures were treated with 5 µg/ml nocodazole. Comparison of cell morphology before (Fig. 4E ) and after 60 min (Fig. 4F ) of treatment with the drug showed no changes in 3D-cultured osteocytes. Signifi cant changes were seen in the processes and branches of 3D-cultured MC3T3-E1 cells (compare Fig. 4I and Fig. 4J ). Confi rmation that microtubules were depolymerized in these cells was obtained by antialphatubulin immunofl uorescence [compare treated cells (Fig. 4G,K ) with nontreated cells (Fig. 4H,L) ].
The microtubule core is important for the formation of processes in 3D-cultured MC3T3-E1 cells
To examine the involvement of actin fi laments and microtubules in process formation in 3D-cultured osteocytes and MC3T3-E1 cells, either 2 µg/ml cytochalasin D or 5 µg/ml nocodazole was added for 24 h from the time when cultures were started in the gel. Disruption of actin fi laments prevented process formation in 3D-cultured osteocytes (Fig.  5A-C) . In 3D-cultured MC3T3-E1 cells, disruption of actin fi laments did not completely prevent process formation, and their processes contained microtubules (Fig. 5D-F) . The morphology of the processes in these MC3T3-E1 cells seemed very long and the number of processes was few from intact cells. Conversely, disruption of microtubules in 3D-cultured osteocytes did not prevent process formation (Fig. 5G-I ) whereas disruption of microtubules in 3D-cultured MC3T3-E1 cells completely prevented process formation (Fig. 5J-L) . 
Discussion
We have previously examined the cytoskeleton in osteocytes and osteoblasts and reported that the cytoskeletal differences between osteocytes and osteoblasts resulted in morphological stability in osteocytes and morphological instability in osteoblasts [21] . In addition, we have shown that differences in focal adhesion formation between osteocytes and osteoblasts were strongly related to their responsiveness to mechanical stress [19] . Therefore, we focused on morphological changes in osteoblasts and osteocytes that were 3D cultured in collagen gel, and we then investigated the cytoskeletal differences between osteocytes and osteoblasts, which have a similar dendritic appearance when cultured in collagen gel.
Differences in the organization of the actin cytoskeleton in primary osteocyte processes and MC3T3-E1 cell processes in collagen gel
The shape and actin-rich fi laments of osteocyte processes in 3D culture remained almost unaltered from that in 2D culture, which may be caused by the presence of fi mbrin, which acts to stabilize actin fi laments by cross-linking them into tight bundles [21, 24, 25] (also see Fig. 2 ). On the other hand, MC3T3-E1 cell processes in 3D culture showed actinrich fi laments similar to those seen in osteocyte processes; however, these processes had sparsely distributed fi mbrin, which may underlie their lack of stability. This difference may explain why actin fi laments in osteocyte processes had higher stability than those in MC3T3-E1 cell processes in 3D collagen gel.
Myosin also showed interesting differences in distribution between MC3T3-E1 cell processes and primary osteocyte processes. A major role of myosin is its motor activity along actin fi laments in contractile bundles [26, 27] and myosin is important for formation of fi ne cytoplasmic processes, such as fi lopodia [28] . The periodic sparse distribution of myosin in primary osteocyte processes was similar to that seen in 2D culture [21] , and low expression of myosin might be related to their low motility. In contrast, the abundant distribution of myosin in MC3T3-E1 cell processes suggests that they may be highly dynamic and motile in 3D collagen gel. This idea is supported by a recent report describing fi broblast processes in 3D culture as highly dynamic structures that undergo projection and retraction [29] . These results suggest that MC3T3-E1 cell processes are more highly dynamic and motile than osteocyte processes in 3D collagen gel.
Alpha-actinin and tropomyosin distribution and arrangement were similar in both osteocyte processes and MC3T3-E1 cell processes in 3D collagen gel cultures, as well as in our previous results that examined osteocyte processes in 2D culture [21] . Generally, alpha-actinin increases the space between actin fi laments and creates more loosely spaced bundles [25] , which may allow actin and other cytoskeletal elements to enter into MC3T3-E1 cell processes and osteocyte processes. Tropomyosin is localized along each of the two grooves of actin fi laments [30] and is known to promote actin interactions with myosin. The presence of tropomyosin with myosin may support the motility of osteocyte and MC3T3-E1 cell processes in 3D collagen gel. The actin cytoskeleton is important for the integrity of the processes in 3D-cultured osteocytes, but not in 3D-cultured MC3T3-E1 cells, whose processes contain a core of microtubules Depolymerization of actin fi laments caused prominent retraction of osteocyte processes in 3D-cultured osteocytes as seen in our previous study using 2D culture [20] , while no changes were seen in the shape of MC3T3-E1 processes. No changes of processes in response to actin-disrupting agents were reported in either fi broblast dendrites in collagen matrices or in neurites on planar surfaces [6, 31] . These different responses by different cell types to actin depolymerization suggested the possibility of other cytoskeletal differences between osteocyte processes and MC3T3-E1 cell processes and led us to explore what might underlie these differences.
Microtubules in 3D-cultured osteocyte processes were present only in the proximal portion, and their integrity and formation were not dependent on microtubules, similar to our previous results that examined osteocyte processes in 2D culture [20] . In contrast, microtubules were present along the entire length of MC3T3-E1 cell processes and were found to play a key role in the integrity and formation of the MC3T3-E1 cell dendritic network. However, the morphology of the processes seemed very long, and the processes were few in number from intact cells after actin depolymerization. This fi nding suggests that actin has some role in formation of MC3T3-E1 cell processes. It is reported that 3D-cultured fi broblasts form a dendritic network. These fi broblast extensions also contained microtubule cores with the actin cytoskeleton, and microtubules were necessary for process formation and integrity [6] . Because our fi ndings of cytoskeletal distribution in MC3T3-E1 cells agree with those in the fi broblast studies, this might be a general phenomenon when cells are cultured in 3D collagen gel. However, in the present study, we were for the fi rst time able to clearly characterize the organization of the actin cytoskeleton and microtubules in MC3T3-E1 cell processes and distinguish it from that of osteocyte processes in 3D culture.
In summary, osteocytes maintain their morphology and organization of their actin cytoskeleton, which is essential for their integrity, in their processes under all culture conditions. In contrast, MC3T3-E1 cell process integrity in 3D culture depends on microtubules rather than actin. We believe that these differences in the cytoskeleton in the processes of 3D-cultured MC3T3-E1 cells and in the cytoskeleton of the dendrites of osteocytes mean that the cytoskeletons in each type of process drive different functions, as the latter utilize their processes as mechanosensors that infl uence bone remodeling.
